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Developing a Long Range Strategy for
Particle Physics
A “roadmap” is an extended
look at the future of a chosen
field of inquiry composed
from the collective knowledge
and imagination of the
brightest drivers of
change in that field.
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What is Particle Physics?
“The study of the elementary
constituents of matter and their
interactions”
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What defines a particle?

A fundamental particle
can be defined by a set of
specific characteristics or
quantum numbers
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What are the elementary
constituents of nature?
There are two kinds of fundamental constituents of matter, leptons
and quarks, which have shown no structure yet. The leptons and
quarks have three generations which have the same properties
except for the masses.

There are mysterious symmetries such as the doublet structure and the
correspondence between quarks and leptons within each generation. It
is believed that there must be some deep reason for this.
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How do particles interact?
When another electron
nearby the first takes a
photon away, the
momenta of the two
electrons change by the
amount that the
exchanged photon had.
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How to represent particle
interactions?
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Four fundamental
forces of nature?
GRAVITY
Newton

Einstein
Einstein

How to unify these pictures??
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Four fundamental
forces of nature?
Electromagnetic
the force that binds
electrons to nuclei to build
atoms and the force that
holds atoms together to
form molecules are the
electromagnetic force.

When an electron suddenly changes its direction, part of the
photons are shaken off as synchrotron light.
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Four fundamental
forces of nature?
Weak Force
The force that can transform
particle species as in beta decays
of nuclei.

The force particles mediating the weak interaction, W and Z, have
large masses. Because of this, the range of the weak force is
extremely short and thus its apparent strength is much weaker
than the electromagnetic force, although their coupling constants
which specify their true strengths are similar. This is the reason
why we do not experience the weak force in everyday life.
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Four fundamental
forces of nature?
Strong Force
The force that binds quarks to
make up protons and neutrons
and then binds them together to
form nuclei.

The strong force is of short-range
and unobservable in everyday
life, because gluons have color
charges and juggle themselves
making the strong force stronger
at longer distance.
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The elementary constituents of
nature and their interactions?

Two Particle Types
-------Three Matter Families
------Four Force Carriers
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The Standard Model of Particle Physics
Nature consists of small number of matter
particle and force carrying particles

• matter particles = quarks and
leptons
• force carrying particles = gauge
particles
• another particle called the Higgs
particle (H) results in the
standard model. The Higgs
particle has been introduced for
mass generation but not yet
observed.
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Origin of Mass -- Higgs

Discovering and studying the Higgs particle is one of the
primary goals of a LINEAR COLLIDER
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The unification of the forces?

??

Do the Weak, Electromagnetic and Strong forces really come together
at a point ? It may require new physics – Supersymmetry
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Fermions and Bosons
Fundamental particles can be classified into fermions and bosons,
depending on their spins being half-integers (J=1/2,3/2,..) or
integers (J=0,1,..), respectively.

Matter particles are fermions.

Force carrying particles (gauge
particles) are bosons.

The Higgs particle is also a boson.
To unify all the fundamental particles, we need another symmetry
to unify fermions and bosons.
SUPERSYMMETRY ??
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Supersymmetry
Each particle has its supersymmetric partner (superparticle or
sparticle) with their spins differing from each other by 1/2.

For instance, there must be spin 0
selectrons corresponding to ordinary
spin 1/2 electrons.

Discovering and studying supersymmetric particles is one of the
primary goals of a LINEAR COLLIDER
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Scales in Nature
LINEAR
COLLIDER
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What is Particle Physics?
Our Definition
“The Science of Matter, Energy, Space and Time”

The Paths and Goals of Particle Physics
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Where do we do particle physics?
The National Laboratories
• Two large national laboratories –
Fermilab and SLAC, plus ANL, BNL,
Cornell, and LBNL.

SLAC

• They provide major accelerator and
detector facilities.
• They create intellectual hubs of
activity.
• They provide much of the field’s
technical infrastructure
• They enable the development of
future accelerators and detectors.

Fermilab

In the future, the our national laboratories will
continue to be at the center of particle physics.
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How Do We Do Particle Physics?
• We have many tools at our disposal from forefront
accelerators to satellites in space to experiments deep
underground.

Accelerator
LHC Magnet

Space

The Soudan Mine
MINOS

Our science requires forefront accelerators at the
energy and luminosity frontiers. It also requires
innovative experiments in space, underground, and
away from accelerators.
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How Have We Been Doing? Recent Steps
The Last Quark

Top Quark Event from Fermilab. The Fermilab Tevatron is the only
accelerator able to produce and study the most massive quark.
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How Have We Been Doing? Recent Steps
Electroweak Precision Measurements
Preliminary
3

6

theory uncertainty

H

Da

m

m

H

[GeV]

10

[GeV]

10

3

10

2.49

G [GeV]

0.015

Z

3

0.02

A

3

0,l
FB

4
2

H

m

m

H

[GeV]

10

10

2

10

41.4

41.5

s [nb]

41.6

0

10

3

2

80.2

80.4

m

had

=

0.02761 0.00036

2.5

[GeV]

10

had

±
0.02738±0.00020

2

Dc

10

2

(5)

(LEP)

W

[GeV]

2

Measurement

[GeV]

Da

= 0.02761

± 0.00036

s

H

m = 174.3
t

m
10

(5)

had

a = 0.118 ± 0.002
± 5.1 GeV

2

20.7

20.8
0

0

Excluded

Preliminary

Rl

A worldwide effort,
centered at CERN.

[

10

2

mH GeV

]
23

How Have We Been Doing? Recent Steps
Matter–Antimatter Asymmetry
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SLAC BaBar Data

KEK BELLE Detector

Anti-matter asymmetry detected at SLAC and KEK.
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How Have We Been Doing? Recent Steps
Neutrino Oscillations

Non Accelerator Experiments
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Scientific Underpinnings of the Roadmap
Theoretical Physics and Phenomenology
Bottom-up and top-down approaches…
• Higgs? Flavor?
• Supersymmetry?
• Extra Dimensions?
•
•
•
•

String Theory
Formal Theory
Lattice Theory
Phenomenology
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The Future
Large Hadron Collider

proton – proton collisions
7 TeV x 7 TeV

27

What is the Next Big Step?
Exploration of the TeV Scale
• This exploration requires the CERN LHC –
– A proton-proton collider with an energy seven times
that of the Tevatron.

• Together with a high-energy e+e- linear collider.
– The LHC and a linear collider are both necessary to
discover and understand the new physics at the TeV
scale.
– A coherent approach, exploiting the strengths of both
machines, will maximize the scientific contributions
of each.
The centerpiece of roadmap for particle physics for the next twenty
years is the thorough exploration of the TeV scale.
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The Linear Collider
The concept
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Why a Linear Collider?
• The linear collider accelerates electrons and positrons,
structureless particles that interact through precisely
calculable weak and electromagnetic interactions.
• A linear collider can:
– Determine the spins and quantum numbers of new particles.
– Measure cross sections and branching ratios.
– Carry out precision measurements and expose crucial details of
new physics.
Physics program endorsed by the Asian and European Committees
for Future Accelerators, by the U.S. high-energy physics community
during the 2001 Snowmass workshop, and by this subpanel.
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What Energy?
500 GeV: The First Step
• The case for starting at 500 GeV builds on the
success of the Standard Model.
– We know there must be new physics, and precision
data tell us where to look.

• The new physics is likely to include a Higgs.
– The Higgs is a fundamental spin-zero particle – a new
force, a radical departure from anything we have seen
before.

31

Particle Accelerators
The Energy Frontier

32

What Do We Know?
Standard Model Fit
Fits to the Standard Model prefer a
light Higgs boson, with a mass of
less than 200 GeV.

Such a light Higgs boson is well
within reach of a 500 GeV linear
collider.
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Why Both a Hadron and Electron Collider?
Precision Data
The present precision data
were collected at hadron
and electron machines.
The two probes provide
complementary views –
much like infrared and
ultraviolet astronomy
complement the optical.
We fully expect this theme
to continue into the future.
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How Will a 500 GeV Linear Collider
Complement the LHC?
• Experiments at the LHC are likely to discover
the Higgs.
• But a linear collider answers crucial
questions:
– Does the Higgs have spin zero, as required?
– Does it generate masses for the W and Z, and for
the quarks and leptons?
– Does the Higgs generate its own mass?
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The 500 GeV Linear Collider
Spin Measurement

The process
→ HZ can
be used to measure the
spin of a Higgs particle.
e+e–

15
Cross section (fb)

The LHC can determine the
spin of a Higgs if its decay
into ZZ has sufficient rate.
But the linear collider can
measure the spin of any
Higgs it can produce.
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The 500 GeV Linear Collider
Branching Fraction Measurement
The LHC will measure
ratios of Higgs
couplings. The linear
collider, working with
the LHC, can determine
the magnitudes of these
couplings very
precisely.
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The figure shows estimated measurements of the Higgs branching
fractions, assuming a 120 GeV Higgs particle.
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Why Is Higher Energy Important?
500 GeV → 800-1000 GeV
• At 500 GeV we expect to be able to study the
Higgs.
• But our goals all point to other new physics at
the TeV scale
– Ultimate Unification
– Hidden Dimensions
– Cosmic Connections

• We have many ideas – but which, if any, is
right?
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Ultimate Unification
New Quantum Dimensions
• There are already hints that quantum dimensions
permit the electroweak force to unify with the
strong nuclear force.
– Protons are unstable and eventually decay.

– Every known particle has a
supersymmetric partner,
waiting to be discovered at
the TeV scale.

α3

α1, α2, α3

• They give rise to
supersymmetry, which
unifies matter with forces.

α2
α1

Q (GeV)
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Ultimate Unification
Testing Supersymmetry
• To test supersymmetry, we need to measure the
superparticle spins and couplings. Do the spins
differ by 1/2? Are the couplings correct?
– All the superparticle masses and couplings can be
precisely measured at a high-energy linear collider,
provided they can be produced. Precision measurements
are crucial.
– Some superparticles should be in range of a 500 GeV
machine; exploration of the full spectrum requires at least
800-1000 GeV.

Revealing the DNA of matter…
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Hidden Dimensions
New Spacetime Dimensions
• Theories predict new hidden spatial dimensions.
• Particles moving in them induce new observable
effects at the TeV scale.
• The LHC can find hidden dimensions; the linear
collider can map their nature, shapes and sizes.
– If gravitons travel extra dimensions, the linear collider can
demonstrate that they have spin two.
– Precision measurements at the linear collider can also
detect for their indirect effects on TeV physics.
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Hidden Dimensions
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New space-time dimensions can
be mapped by studying the
emission of gravitons into the
extra dimensions, together with
a photon or jets emitted into the
normal dimensions.
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The figure shows how measurements at different beam
energies can determine the number and size of the extra
dimensions.

From science fiction to science fact...
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Cosmic Connections
Finding Dark Matter
• What is the dark matter that pervades the
universe?
– Many models of TeV physics contain new particles that
could make up the dark matter.
– The dark matter might be neutralinos, stable neutral
superparticles predicted by supersymmetry.

• Measurements at the linear collider will allow us
to develop a predictive theory of this dark matter.
– These measurements would push back our detailed
knowledge of the early universe.

The Inner Space / Outer Space Connection...
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The Linear Collider
This Is Just The Beginning ….
• The linear collider is a powerful instrument to probe the
new physics at the TeV scale.
• Together with the LHC, it will reveal a world we can only
begin to imagine.
• A high-luminosity linear collider, covering the energy
range 500 to 800-1000 GeV, is crucially important to
reach our goals.
We think the case is strong and that the mission is clear.
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NLC
High Power
Klystron

The Linear Collider
Technologies

• The international accelerator community now
firmly believes that a TeV-scale linear collider
can be successfully built at an acceptable cost
with the correct science-driven capabilities.
• This is a result of an intensive R&D period,
where there has been a strong level of
international cooperation and communication.
JLC
Accelerator
Test Facility

TESLA
Superconducting
Cavity
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The Linear Collider
R&D Programs
• R&D Program Status

Linear Collider R&D
Test accelerating structures at SLAC

– There are now at least two
technologies that could be
used.
– Strong international
collaborations have been
established.

• The Future R&D Program
– Further R&D is still needed, mostly in the areas of the RF
systems, luminosity performance, and systems engineering,
to reduce costs, reduce risks, and confirm the ultimate
energy and luminosity reach of the machines.

46

Nanometer Beam Monitoring
A fringe pattern created by the
interference of two laser beams at
the measurement area of the
laser-Compton beam-spot-size
monitor to measure the size and
shape of a nano-meter beam. We
have already succeeded in
measuring a beam spot size of
about 60 nano-meters (200 times
the size of a typical atom). A next
generation linear collider requires
the spot size measurement of 3nano-meter (10 times the size of a
typical atom) beams. This can be
realized by this technique.
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The Linear Collider
Is There a Model to Host It?
• If the linear collider is sited in the United States,
we propose financing the $5-7B facility by a
combination of investments
–

– International investment is essential for a project of this
scale.
– A significant fraction of the linear collider must be financed
by redirection of the existing U.S. high-energy physics
program.
– We believe that a bold new initiative like the linear collider
merits new funding from the U.S. government.

• We envision that the host country, in this case the
U.S., would contribute about two-thirds of the cost of
the project, including redirection.
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The Linear Collider
Why Should We Bid to Host It in the U.S.?
• The linear collider promises to be one of the greatest
scientific projects of our time.
– It will be at the frontier of basic science, of advanced
technological development, of international cooperation,
and of educational innovation.
– It will attract many of the top scientists in the world to
participate in the scientific and technical opportunities it
offers.
We believe that hosting the linear collider is a rare opportunity,
and one that should be seized by the U.S.
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The Future
High Energy Physics is
on the threshold of new
understanding that seem
certain to revolutionize
our understanding of the
underlying physics

A linear collider is
the centerpiece in
our plans to pursue
this great adventure
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